H causes significant morbidity and mortality primarily produced by the severe anemia and the requirements for red blood cell (RBC) transfusion.'.' Kinetic analyses have shown that marked ineffective erythropoiesis, as well as some hemolysis of peripheral RBC, leads to the anemia. Ferrokinetic studies have shown that as many as 80% of erythroid precursors die in the m a r r~w .~.~ During the last decade, the molecular alterations responsible for defective /? globin chain synthesis have been characterized in considerable detail.'.' However, the mechanism(s) leading to the premature destruction of thalassemic erythroid precursors in the bone marrow are less well understood.
We previously showed that there is accelerated prog r a m e d cell death (apoptosis) of erythroid precursors in Cooley's Anemia, a process which could contribute to the observed intramedullary lysis. 6 In addition, studies performed on /? thalassemia intermedia RBC provided evidence that excess unmatched a globin chains accumulate at the membrane and its skeleton where they probably lead to alterations in membrane deformability, stability, and cellular hydration.' These cellular abnormalities, in turn, are associated with membrane changes consisting of: reduced spectrin/band 3 ratio,* partial oxidation of band 4.19 and defective band 4.1 function,'' clustering of band 3 with binding of IgG and complement over the band 3 clusters." These abnormalities of RBC membrane structure, function, and composition focused our attention on the disordered membrane as an important site of alpha globin chain mediated alterations. However, the data did not allow one to distinguish abnormalities of the assembly of membrane proteins in thalassemic erythroid precursors in the marrow from changes occuring in the circulation during the life span of thalassemic RBC. Accordingly we proposed to test the idea that accumulation of alpha globin in /? thalassemic erythroid precursors would disrupt the orderly assembly of membrane proteins.
MATERIALS AND METHODS

Materials.
Rabbit polyclonal, monospecific antibodies were raised against the RBC membrane proteins, and the immunoglobulin spectrin appeared to interact with large alpha globin accumulations, and in many of these cells the spectrin appeared clumped and discontinuous. Band 4.1 interacted strongly with accumulations of alpha globin in thalassemic precursors to produce bizarrely clumped zones of abnormal band 4.1 distribution. Band 3 was incorporated smoothly into thalassemic erythroblast membranes. However, the proerythroblasts and basophilic erythroblasts were significantly deficient in band 3. Thus, accumulations of (Y globin in pthalassemia major colocalized with and disrupt band 4.1 and spectrin assembly into the membrane. The cause of deficient band 3 incorporation into thalassemic proerythroblast membranes remains unknown. These profound membrane alterations would likely contribute to the intramedullary lysis seen in Cooley's anemia. 0 1996 by The American Society of Hematology. fraction was used for immunoflorescence studies. Antispectrin and antiband 4.1 were produced in the laboratory by methods previously de~cribed.'.~ Antiband 3 was a generous gift of Dr Philip Low and Dr Jie Yuan (Department of Chemistry, Purdue University, Lafayette, IN). When it became apparent that there seemed to be a quantitative deficiency in band 3 incorporation, we obtained a generous amount of a second rabbit polyclonal antiband 3 antibody from Dr Ron Kopito, Department of Biological Sciences, Stanford University, Palo Alto, CA, for confirmatory studies. Both of the antiband 3 antibodies (as is the case with most rabbit polyclonal antiband 3 antibodies) detect cytosol facing configurations of band 3, and reactivity requiries that the target erythroid precursors be permeabilized. The monoclonal antihuman alpha globin chain was used exactly as previously described: For visualization of the rabbit polyclonal RBC membrane antibodies, we used Texas Red conjugated to affinity purified goat antirabbit IgG obtained from Jackson Immuno Research, Inc, West Grove, PA. To identify monoclonal antialpha globin, fluorescein-labeled affinity purified goat antimouse IgG from Kirkegaard and Perry Laboratories Inc. Gaithesburg, MD was used. Monoclonal anti-CDU was obtained from Becton-Dickinson Immunocytometry Systems, San Jose, CA and used to isolate erythroid precursors.6 AIS Micro-Cellector goat antimouse T-25 cell culture flasks for monoclonal antibody labeled cells were obtained from Normal and thalassemic erythroid precursors were fixed by incubating in 0.28 paraformaldehyde in phosphate-buffered saline (PBS). The cells were then washed and allowed to adhere to an Alcian Blue-coated coverslip. When an attempt was made to use unfixed cells, the necessary permeabilization step destroyed cell morphology and rendered the results uninterpretable. The cells were then permeabilized with 0.5% Triton in PBS, washed with PBS, and kept in a wet chamber. Five percent nonfat dry milk was added to block nonspecific binding. The cells were then incubated with monospecific polyclonal rabbit antibodies to either spectrin, band 3, or band 4.1,R.y and with monoclonal antialpha globin antibody raised against a synthetic human alpha chain peptide." Subsequently, Texas Red conjugated to goat antirabbit IgG was added to detect membrane proteins identified by the rabbit polyclonal antibodies and was followed in some experiments by fluorescein isothiocyanate (FITC)-labelled goat antimouse Bone marrow erythroid cell separation and purification.
Cell fiation and immunofluorescence studies. IgG antibody to detect antialpha globin. The secondary antibodies used had been preabsorbed by the manufacturer to prevent crossreactivity. Thus the goat antirabbit IgG had been adsorbed with mouse IgG and vice versa. Specific tests indicated that there was no detectable cross-reactivity (not shown). One-or two-color analyses of the erythroid precursors stained either with membrane protein antibodies or with antialpha globin or both was obtained. The cells were then analyzed by laser confocal microscopy and with Nomarski optics as required. Cell images were obtained from a custom made laser Confocal microscope designed by S.J. Smith, Professor, Department of Molecular and Cell Physiology, Stanford University. Cells were illuminated with 488 nm (for fluorescein) or SI4 nm (for Texas red) light from the instrument's argonConfocal scanning optical microscopy. was passed through a 56 kHz low-pass (four pose) RC filter (KhronHite Corporation, Model 3200, Avon, MA) to reduce pixel noise through temporal integration before the signal was stored in the frame buffer of the microscope's host computer. Semiquantitative analysis of immunofluorescence of band 3 was performed following the precautions previously 0~tlined.I~ Briefly, when a cell was to be analyzed, one ring was traced over the entire rim and another ring was traced internal to it as background control. The signal from the entire rim was collected and corrected for background by subtracting the inner ring signal.
Assessment of band 3 incorporation by the eosin maleimide method. To provide further support for our observations on decreased band 3 incorporation into thalassemic proerythroblasts, we turned to a method that was not dependent on antibody mediated detection. Under carefully controlled conditions more than 80% of added eosin maleimide (EMA) can be shown to react specifically with band 3 at one of its external l 0 0 p s . '~~~~ The procedure used was based on the cited references.l4.l5 A suspension of marrow precursors was adjusted to contain 2 X lo7 celldml, to which we added 20 p L of a solution of EMA (1 mg/mL of PBS pH 7.4). The suspension was incubated at room temperature for 1 hour and then washed three times with Hanks' balanced salt solution (HBSS). The cells were then resuspended in 0.5 mL of 3% fetal bovine serum (FBS) in HBSS, to which we added 50 pl of anti-CD45 tagged with phycoerythrin (PE) (PharMingen, San Diego, CA) and incubated the mixture on ice for 1 hour. The suspension was then washed three times with 3% FBS in HBSS, resuspended to 0.5 mL in the wash solution and subjected to flow cytometric analysis on a Becton Dickinson (Mountain View, CA) FACStar flow cytometer. An argonion laser (Innova, Coherent, Palo Alto, CA) was used to measure forward angle light scatter (FSC). Eosin and PE fluorescence were excited at 490 and 550, respectively. The emission was measured with a 530 nm band pass filter (BD 530, DF30, Becton Dickinson) and a 575 nm band pass filter (BD575, DF26, Becton Dickinson). The data were collected so that only PE negative cells were analyzed (the CD45 negative-erythroid precursor population).
RESULTS
Stages of maturation of erythroid precursors. The diameter of erythroid precursors decreases progressively as the cells mature from proerythroblasts to basophilic, polychromatophilic, and orthochromic normoblasts. Therefore, the age of the precursors was identified by the cell's diameter at its equator, a value that is provided by the laser confocal microscope. At the extreme, proerythroblasts have diameters of about 12 to 13 pm, while orthochromic normoblasts generally have 7 to 8 pm diameters.
Alpha globin accumulation in @-thalassemia major erythroid precursors. We studied the accumulation of excess alpha globin in purified preparations of thalassemic and control erythroid precursors. The distribution of fluorescein tagged antialpha globin superimposed on a Nomarski image of thalassemic erythroid precursors is shown in Fig 1. The outline and contours of thalassemic erythroid precursors, as seen by Nomarski imaging, are smooth and not different than the contour of normal erythroid precursors of the same stages of maturation (not shown). In every patient studied (n = 24), alpha globin chain accumulation was heterogeneous with distinct fluorescence in some erythroid precursors, but not in others. Even erythroid precursors with larger diameters (12 to 13 pm) contain alpha globin accumulations indicating that such aggregates can occur early in erythropoiesis (Fig 1) . The antialpha globin monoclonal antibody used in these experiments generates virtually no immunofluorescence in normal erythroid precursors (Fig 2) or in normal mature RBC (not shown), indicating that the antibody, which was generated against a synthetic human alpha chain peptide, selectively detects gross aggregates or partially denatured alpha globin and not alpha globin that is part of the normal a2 p2 hemoglobin tetramer.
Localization of spectrin and band 4.1 in developing erythroid precursors. Purified erythroid precursors from patients and controls were studied in pairs and then separately reacted with monospecific polyclonal rabbit antibodies to human spectrin, band 4.1, and band 3. The localization of these antibodies and hence the localization of the specified membrane proteins was identified by a secondary incubation with Texas Red tagged goat antirabbit antibody. Optical sections at 0.5 pm intervals were made for each cell studied, thereby yielding 6 to 9 slices/cell.6,12
Spectrin distribution in normal erythroid precursors (Fig  2) shows a progressive increase in intensity of smooth membrane fluorescence as the erythroid precursors mature. In the earlier thalassemic erythroid precursors, as in normal erythroid precursors, there is spectrin cytoplasmic reactivity'6*17 (Fig 3, top row) . However, in about one third of thalassemic erythroid precursors, there is distinctly abnormal distribution of spectrin (Fig 3) , characterized by clumping, irregular membrane thickness, and discontinuous rim fluorescence. The remaining two thirds of thalassemic erythroid precursors appear to incorporate spectrin normally into the membrane.
Normal band 4.1 fluorescence generally appears somewhat later than spectrin in erythroid maturati~n.'~,'~ Thalassemic precursors again showed heterogeneity with about two thirds of precursors having an apparently normal band 4.1 distribution. However, one third of cells showed very abnormal band 4.1 incorporation into the membrane, as well as apparent accumulation of band 4.1 either in the cytoplasm or in the nucleus. (Figs 4 and 5) . Even in the precursors with relatively normal band 4.1 incorporation, serial sections through the entire cell show membrane defects and discontinuities (Fig 5 ) without evidence of cytoplasmic clumping of band 4.1.
Band 3 distribution in thalassemic erythroid precursors. Our initial studies on band 3 incorporation into thalassemic erythroid precursors showed smooth and progressive rim fluorescence. However, the thalassemic band 3 fluorescent signal was noticeably weaker than normal, particularly in the less mature precursors (Figs 2 and 6 ). The faintness of the band 3 signal was reproducible when we compared images from samples of 15 pairs of patients and controls. To further explore a possible deficiency of band 3, we used the quantitative capacities of the laser confocal fluorescent microscope.
Paired experiments of patients and controls were performed examining erythroid precursors of similar cell diameters and thus similar stages of maturation. Each cell was examined at four intensities,13 and the images were stored and printed identically. Care was taken to minimize bleaching by starting the analysis at the lowest level of intensity. Cell diameters at the equator are shown for each. In the first column, the diameter is that of proerythroblasts, the second column is that of polychromatophilic normoblasts, and the last column is that of orthochromic normoblasts.
Bthal Maior
The results obtained in seven paired experiments show that band 3 immunofluorescence in thalassemic proerythroblasts was only about one third as intense as in normal proerythroblasts (P < .025) ( thalassemic basophilic and polychromatophilic normoblasts was about one half as intense as normal (P < ,005) (Fig 7) .
However, the immunofluorescence of thalassemic orthochromic normoblasts of 7 to 8 pm diameter was 80% of normal values (P < 
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consisting of two thalassemic mamows and two normal controls, we repeated the above experiments with a different rabbit polyclonal antiband 3 antibody. We averaged the results of the two patients and two controls (Fig 8) , and the decrease in band 3 incorporation was perhaps more prominent with this antibody.
Using an entirely different approach, band 3 incorporation was evaluated using EMA, which interacts quite specifically with an outer site on band 3 (Materials and Methods). The method used allowed us to record intensity of eosin fluorescence only on gated CD45 negative cells, which are predominately the erythroid precursors. The forward scatter signal allowed us to concentrate on the larger precursors, which represent the proerythroblasts. Separate shipments were analyzed comprising four thalassemics and three normals, and a representative experiment is shown in Fig 9. There is a striking decrease in thalassemia in the intensity of eosin fluorescence of the large cells in the forward scatter range of 500 to 600. In each case, the diagram displays the fluorescence intensity and size of 10,000 CD45 negative (erythroid precursor) cells.
Doublejuorescence laser confocal microscopy. We had hypothesized that areas of alpha globin accumulation might serve as foci for disruption of membrane assembly. Double label immunofluorescence microscopy was carried out using Texas Red tagged goat antirabbit IgG to identify either spectrin, band 4.1, or band 3, while simultaneously localizing alpha globin aggregates by a fluorescein tagged goat antimurine IgG (see Materials and Methods). Where red and green fluorescence colocalize in the membrane, the combination produces a characteristic yellow fluorescence. No yellow fluorescence was ever seen in normal erythroid precursors (Fig 2) . In contrast, in thalassemic erythroid precursors reacted with both antispectrin and antialpha globin, there was distinct yellow fluorescence indicative of colocalization in some precursors. The colocalization of band 4.1 and alpha globin was even more impressive and appeared to coincide with areas where the rim fluorescence of the membrane skeleton was disrupted. Colocalization of band 3 and alpha globin was never identified in thalassemic erythroid precursors.
DISCUSSION
These studies were designed to explore the mechanisms leading to the intramedullary destruction of thalassemic erythroid precursors based on the working hypothesis that the intramedullary lysis could be traced back to the accumulation of excess alpha globin.
Our studies show that there is heterogeneity in thalassemic cellular accumulation of alpha globin even as early as the proerythroblast stage with some precursors showing large For personal use only. on October 22, 2017. by guest www.bloodjournal.org From aggregates, and others of the same diameter and contour (as detected by Nomarski microscopy), virtually none (Fig 1) . While the genetic defect in beta globin synthesis is presumably shared equally by all erythroid precursors, the heterogeneity of alpha globin accumulation is entirely consistent with the extreme variation in RBC morphology and levels of cellular dehydration of thalassemic RBC,7 as well as the fact that some precursors are so severely affected that they die in the marrow, whereas others manage to enter the peripheral blood where their survival is, again, very heterogeneous. One explanation is that there is cellular variability in switch on of gamma globin chains, thereby forming HbF(a2 y z ) and reducing the amount of excess alpha globin.
The incorporation of spectrin, band 4.1 and band 3 into normal erythroid precursors as observed by the methods described is consistent with published data showing early cytoplasmic synthesis of spectrin and then incorporation of spectrin into the membrane. Somewhat later in maturation, band 3 synthesis begins and is followed by synthesis of band 4.1 and then the incorporation of each into erythroid precursor membranes.16-22 However, in severe p thalassemia the assembly of spectrin is impaired in about one third of the precursors and instead of the smooth developing rim fluorescence seen in normals (Fig 2) , there is membrane discontinuity, fragmentation, and irregularity (Fig 3) . This abnormal pattern in thalassemia major is even more evident when band 4.1 membrane assembly was studied (Fig 4) .
The two-color immunofluorescence analyses confirmed the disordered membrane assembly of spectrin in thalassemic erythroid precursors. The yellow fluorescence showed that this disruption occurred prominently at sites where spectrin and alpha globin were colocalized (Fig 2) either at the membrane or at the rim of cytoplasm between the nucleus and the membrane. The yellow fluorescence indicative of colocalization of alpha globin and band 4.1 was even more impressive and seemed to occur at sites of disordered band 4.1 membrane incorporation. This result is consistent with previous reports showing that the spectriniband 3 ratio in thalassemic RBCs is decreased' and that band 4.1 has undergone partial oxidation and functions abnormally,'~'O and possibly explains why membrane stability, a function of these skeletal proteins, is abnormal in p thalassemia inte~media.~."
This derangement in incorporation of band 4.1 and spectrin into human p thalassemic erythroid precursors is entirely analogous to our observation in severe murine p thalassemia."
The incorporation of band 3 into thalassemic proerythroblast membranes is quantitatively decreased, as evidenced by a very weak immunofluorescence signal (Figs 6, 7, and 8) . Because the same fixed and permeabilized thalassemic precursors were analyzed for band 4.1 and spectrin incorporation and monospecific polyclonal rabbit antibodies were used to detect each protein, there should have been no limitation of access of the two antiband 3 antibodies. As there was no colocalization of band 3 and alpha globin, there was no opportunity for photobleaching of the band 3 signal (Fig 2) . Studies with EMA provided further confirmation that the largest least mature thalassemic erythroid precursors are deficient in band 3, particularly, as this method detects the outer facing extensions of band 3 and is not dependent on antibodies or cell permeabilization (Fig 9) . Studies with both antiband 3 antibodies showed that the band 3 immunofluorescent signal intensity approached normal as the cells reached the orthochromic normoblast stage, meaning either that the deficient synthesis of band 3 was reversible with continued cell maturation or that the subpopulation of thalassemic erythroid precursors that manifested deficient band 3 membrane incorporation was de~troyed.'.~
The explanation for the weak band 3 immunofluorescence in proerythroblasts remains unknown, but it is likely to be complex. The methods used do not distinguish band 3 dimer from tetramer. Band 3 assembly begins on the endoplasmic reticulum. Then it appears that band 3 tetramer linked to ankyrin is carried to its insertion site on the membrane. Each of these steps is theoretically susceptible to disruption by alpha globin accumulations. Neither antibody detected an increase in cytoplasmic band 3 so that trapping in cytosol seems to be unlikely.
The results of this study clarify, at the cellular level, the very complex pathogenetic events that can lead to the intramedullary lysis of up to 80% of erythroid precursors in severe p thalassemia. We previously showed that accelerated apoptosis accounts for some of this intramedullary cell death. This study shows that early and heterogeneous accumulations of alpha globin appear and colocalize with band 4.1 and spectrin at sites of membrane discontinuity. This finding, occuring in about one third of precursors supports the idea that the heme, hemichromes, and iron components of alpha globin could serve as foci for generation of reactive oxygen species that could result in the partial oxidation of band 4.1 ,'
and for the decrease in spectridband 3 ratio in thalassemic RBC8 The deficiency of band 3 in the youngest erythroid precursors occurs without any evidence of colocalization with alpha globin, nor is there membrane discontinuity of band 3. Thus, it is likely that alpha globin chains interfere at some prior stage in the very complex synthesis, traffic, and membrane insertion of band 3. Thus, there are at least three possible mechanisms accounting for the intramedullary destruction seen in severe p thalassemia: accelerated apoptosis; disruption of the assembly of band 4.1 and spectrin into the membrane skeleton (probably caused by the generation of reactive oxygen species); and decreased synthesis of band 3 by unidentified mechanisms.
